The photoelectron spectrum of the uracil-alanine anionic complex (UA)
I. INTRODUCTION
Low-energy electrons and electron holes are produced through interaction of radiation with the living cell environment. Low-energy electrons appear as a secondary product of radiolysis of water, with the primary products being the HO and H radicals.
1 Until now, the genotoxicity of radiation was primarily studied in the context of these radicals, and the connection between their presence and mutations of DNA is well documented.
2,3 Only in the last decade has it become clear that direct interactions with charged particles in a radiation field account for a significant fraction of the radiation damage to DNA in cells. 4 This reversal in traditional focus derives primarily from a reassessment of the radicalscavenging capacity of the intracellular medium, i.e., OH damage to DNA is limited to those radicals which were formed within a few nanometers of the DNA. Current estimates place direct damage at about one-third of the total. 4 The recent experiments of Sanche and co-workers suggest that electrons with energies in a range 1-20 eV can induce DNA damage.
1, 5 The authors suggested that excess electrons trapped in temporary anionic states initiate chemical reactions leading to single-and double-strand breaks. Such a mechanism of a single-strand break has been computationally studied by Barrios et al., who suggested that only a small barrier would have to be overcome to create a sugarphosphate C-O bond rupture initiated by an excess electron attachment to a DNA base. 6 Negatively charged clusters of biologically important molecules have been extensively studied, both experimentally [7] [8] [9] and theoretically. [10] [11] [12] [13] [14] [15] Electron trapping on nucleic acid bases has been an important topic in radiation biology for several decades. Then, ten years ago, it was realized that the large polarity of these molecules allows for the existence of dipole-bound anionic states as well. 10 While our recent coupled cluster single double ͑triple͒ ͓CCSD͑T͔͒ results indicate that the valence anionic state of uracil ͑U͒ is vertically stable with respect to the neutral by 0.507 eV, 16 our calculations also find the valence anionic state to be thermodynamically unstable by 0.215 eV with respect to the dipolebound anionic state and by 0.147 eV with respect to the neutral. The current view is that valence anionic states are unbound, or at best very weakly bound, for isolated nucleic acid bases, but become dominant for solvated species.
The intra-and intermolecular tautomerizations involving nucleic acid bases have long been suggested as critical steps in mutations of DNA. 18, 19 Intramolecular proton transfer reactions have been studied for both isolated and hydrated nucleic acid bases. 7 Intermolecular single and double proton transfer reactions have been studied for the dimers of nucleic acid bases in both their ground and excited electronic states. 20 Only small activation barriers were found for the anionic and cationic GC pair, with the proton transfer reaction being favorable for the anion and slightly unfavorable for the cation. 20 Recently we described a tautomerization process, which is induced by the attachment of an excess electron to the complex of uracil with glycine. 16 The electron attachment leads to a barrier-free proton transfer ͑BFPT͒ from the carboxylic group of glycine to the O8 atom of uracil with the products being a neutral radical of hydrogenated uracil (UH • ) and an anion of deprotonated glycine ͑see Fig. 1 for the numbering of atoms of uracil͒. An important question arises as to whether amino acids with a residual group more complex than the H of glycine have a similar propensity to the barrier-free proton transfer. Hence, in the present study we investigate the anionic uracil-alanine (UA) Ϫ complex. Interactions between uracil and alanine have recently been studied in the context of molecular recognition process. 21 Results of our photoelectron spectroscopic experiments and quantum chemical calculations reported in the current study strongly suggest that alanine acts in a similar way as does glycine in its anionic complexes with uracil. Our calculations predict that a BFPT occurs from the carboxylic group of alanine ͑A͒ to the O8 atom of uracil: U¯HOOC-CHCH 3 -NH 2 ϩe
→UH
•¯Ϫ OOC-CHCH 3 -NH 2 . ͑1͒ Thus, our current results indicate that the BFPT process is not very sensitive to the nature of the amino acid's hydrophobic residual group. In the future we will explore how amino acids with hydrophilic residual groups, such as aspartic or glutamic acids, interact with nucleic acid bases upon an excess electron attachment.
An interesting point here is that attachment of lowenergy electrons to complexes of RNA or DNA with proteins may also lead to mutations. The uracil-alanine complex is a model system only, but our results demonstrate the possibility of electron-induced mutations in DNA-protein complexes, e.g., during transcription. The formation of neutral radicals of hydrogenated pyrimidine nucleic acid bases could play an important role in damage to DNA and RNA by low energy electrons. For instance, thymine hydrogenated at the O8 position cannot form a hydrogen bond with adenine, as dictated by the Watson-Crick pairing scheme. Such a UH
• ͑thymine-H
• ) radical might also react with an adjacent ribose ͑deoxyribose͒ molecule triggering strand-breaks in nucleic acids.
Analysis of anionic states in complexes of uracil with alanine requires basic understanding of neutral complexes, which are governed by hydrogen bonding. Hence, our description of anionic states is preceded by the analysis of neutral complexes. Their stability provides a reference point for the stability of anionic structures and their polarity allows us to judge how important dipole-bound anionic states might be in these complexes. Finally, the effect of complex formation on the vertical ionization energy of uracil is discussed.
II. METHODS

A. Experiment
Negative ion photoelectron spectroscopy is conducted by crossing a mass-selected beam of negative ions with a fixedfrequency laser beam and energy-analyzing the resultant photodetached electrons. 22 It is governed by the energyconserving relationship: hϭEBEϩEKE, where h is the photon energy, EBE is the electron binding energy, and EKE is the electron kinetic energy. One knows the photon energy of the experiment, one measures the electron kinetic energy spectrum, and then by difference, one obtains electron binding energies, which in effect are the transition energies from the anion to the various energetically accessible states of its corresponding neutral. Our apparatus has been described elsewhere. 23 To prepare the species of interest, a mixture of uracil and alanine was placed in the stagnation chamber of a nozzle source and heated to ϳ180°C. Argon gas at a pressure of 1-2 atm was used as the expansion gas, and the nozzle diameter was 25 m. Electrons were injected into the emerging jet expansion from a biased Th/Ir filament in the presence of an axial magnetic field. The resulting anions were extracted and massselected with a magnetic sector mass spectrometer. Electrons were then photodetached from the selected anions with ϳ100 circulating watts of 2.540 eV photons and finally energy-analyzed with a hemispherical electron energy analyzer.
B. Computation
As this computational effort is a continuation of our previous studies on the neutral 24 and anionic 16 complexes of uracil and glycine, we will use analogous notation for hydrogen-bonded structures and the same computational methodology. The anionic structures characterized in the cur- rent study will be labeled as aUAn, indicating the parent neutral structure UAn the anionic structure is related to. More precisely, an anionic structure aUAn is determined in the course of geometry optimization initialized from the optimal geometry for the neutral structure UAn. The structures UAn for the neutral uracil-alanine complexes are analogous to the uracil-glycine UGn structures characterized in Ref. 24 . The L and D enantiomers of alanine must have identical chemical properties toward uracil, and thus, only the L enantiomer is considered here.
The stability of the neutral ͑superscriptϭ0͒ or anionic ͑superscriptϭϪ͒ UA complexes is expressed in terms of E stab , H stab , and G stab . E stab is defined as a difference in electronic energies of the monomers and the dimer
with the electronic energy E X ͑XϭU (0,Ϫ) ,A,UA (0,Ϫ) ) computed for the coordinates determining the optimal geometry of X ͑i.e., the geometry where E X is at the minimum͒. The values of E stab were not corrected for basis set superposition errors because our earlier results demonstrated that the values of this error in B3LYP/6-31ϩϩG** calculations for a similar neutral uracil-glycine complex did not exceed 0.06 eV. 24 The stabilization enthalpy H stab results from correcting E stab for zero-point vibration terms, thermal contributions to energy from vibrations, rotations, and translations, and the pV terms. Finally, the stabilization Gibbs energy G stab results from supplementing H stab with the entropy term. The values of H stab and G stab discussed in the following were obtained for Tϭ298 K and pϭ1 atm in the harmonic oscillator-rigid rotor approximation.
As our primary research method we applied density functional theory ͑DFT͒ with a Becke's three parameter hybrid functional ͑B3LYP͒
25-27 and a modified Perdew-Wang one-parameter-method for kinetics ͑MPW1K͒ designed by Truhlar et al. 28 In both DFT approaches we used the same 6-31ϩϩG** basis set. 29, 30 Five d functions were used on heavy atoms. The usefulness of the B3LYP/6-31ϩϩG** method to describe intra-and intermolecular hydrogen bonds has been demonstrated in recent studies through comparison with the second-order Møller-Plesset predictions. 24, 31 The ability of the B3LYP method to predict excess electron binding energies has recently been reviewed and the results were found to be satisfactory for valence-type molecular anions. 32 We found that the value of electron vertical detachment energy ͑VDE͒ determined at the B3LYP/6-31ϩϩG** level for the valence * anionic state of an isolated uracil is overestimated by 0.2 eV in comparison with the CCSD͑T͒/aug-ccpVDZ result. 16 We will assume in the following that the same correction of 0.2 eV applies to the values of VDE for all anionic UA complexes in which an excess electron occupies a * orbital localized on uracil.
It is known that the B3LYP method underestimates barriers for proton transfer reactions, 28 and thus, the lack of a barrier for the proton transfer reaction ͑1͒ may be an artifact of the B3LYP method. For this reason, we performed additional geometry optimizations using the MPW1K exchangecorrelation functional, which was parametrized to reproduce barrier heights for chemical reactions. 28 Finally, MP2 geometry optimizations have been performed for three anionic UA complexes to provide more insight into the reaction path connecting the U Ϫ¯H OOC-CHCH 3 -NH 2 and UH
•¯Ϫ OOC-CHCH 3 -NH 2 structures. The qualitative agreement between the MP2, B3LYP, and MPW1K predictions strengthens our conclusion.
All calculations were carried out with the GAUSSIAN 98 33 and NWCHEM 34 codes on a cluster of 32 bit Xeon/SCI Dolphin processors, DEC Alpha 533au two-processor workstation, IBM SP/2, and SGI 2800 and Origin2000 numerical servers.
III. RESULTS
A. Photoelectron spectra
The photoelectron spectra for the uracil-alanine and uracil-glycine anionic complexes are quite similar. Both are presented in Fig. 2 . Each spectrum exhibits a broad, structureless feature. For (UG)
Ϫ , its maximum occurs at EBE ϭ1.8 eV, while for (UA)
Ϫ , its maximum occurs between FIG. 2. Photoelectron spectra of ͑a͒ uracil-alanine dimer anion and ͑b͒ uracil-glycine dimer anion, both recorded with 2.540 eV/photon.
EBEϭ1.6 -2.1 eV. The photoelectron spectrum of UA Ϫ cannot be attributed to an intact U Ϫ solvated by alanine. As mentioned earlier, the valence * and dipole-bound anionic states of uracil are characterized by a calculated value of VDE of 0.507 and 0.073 eV, respectively 16 ͑see Fig. 3 for the excess electron charge distributions in these systems͒. Henceforth, only the valence * anionic state will be considered further, since the experimental value of VDE for UA Ϫ is far too large for the dipole-bound anionic state of U solvated by A. However, the experimental value of VDE is also too large for the valence * anionic state of U solvated by A. The solvation energy by alanine would have to be larger by ϳ1.3 eV, for the anion over its corresponding neutral, in order to be consistent with the maximum in the photoelectron spectrum. This is rather improbable given that the VDE of U Ϫ (H 2 O) 1 is only 0.9 eV. 35 Similarly, attributing the broad peak for (UA) Ϫ to an anion of intact alanine solvated by uracil is inappropriate. The reason is that the most stable conformer of canonical alanine, labeled ''can C'' in Fig. 1 , does not bind an electron 36 and the measured electron affinity ͑EA͒ of alanine is ϳϪ1.8 eV. 37 Our theoretical results indicate that alanine forms only weakly bound anions with VDE values, determined at the MP2 level, of 0.08 and 0.37 eV for the canonical ͑can B͒ and zwitterionic ͑zwit A͒ structure, respectively 36 ͑see Fig. 1 for the tautomers and conformers of alanine and Fig. 3 for the excess electron charge distributions in these systems͒. The electron binding energy shift induced by the interaction with uracil would have to be approximately 1.4 eV to be consistent with the maximum of the photoelectron peak for (UA) Ϫ , which is rather improbable. Uracil in anionic complexes with alanine behaves much like uracil in anionic complexes with glycine ͑see Fig. 2͒ . We expect that BFPT occurs in anionic complexes of alanine with uracil, in analogy to the anionic uracil-glycine complexes. 16 However, there is also a difference in the photoelectron spectrum of (UA) Ϫ relative to that of (UG) Ϫ . When compared to the spectrum of (UG) Ϫ , the photoelectron spectrum of (UA) Ϫ appears to have additional intensity in the EBE region between 0.5 and 1.4 eV. This may indicate a significant presence of non-BFPT anionic complexes among the (UA) Ϫ species, as compared to the (UG) Ϫ species, although the most stable anionic conformers underwent BFPT in the anionic complexes of U with both amino acids.
Lastly, the widths of the main spectral features for UA Ϫ and UG Ϫ are much greater than of the photoelectron features for the valence anionic state of uracil solvated by either a single water molecule or a xenon atom. 35 While this is mainly additional evidence that these complexes are not valence uracil anions solvated by neutrals, it may also indicate that several anionic conformers of the uracil-amino acid complexes coexist, especially in the case of (UA) Ϫ , in the gas phase under our experimental conditions.
B. Computational results
Neutral uracil-alanine complexes
Alanine and glycine have analogous proton donor and acceptor sites, which are suitable for forming hydrogen bonds with uracil. The replacement of a hydrogen atom by a methyl group in alanine can create at most steric obstacles that have to be negotiated upon formation of hydrogen bonds. Hence, the topological space for the neutral UA complex is at least as complicated as was observed for the neutral UG complex. For the latter, we characterized 23 hydrogenbonded structures formed by the lowest energy tautomers of U and G. 24 In the current study only a limited subset of these 23 structures was explored. First, we present the uracilalanine structures, labeled UA1-UA4, which are analogous to the four most stable structures of UG. Second, we will study additional structures, labeled UAn (nϭ14, 16, 18, 20͒, which are analogous to the UGn structures with the same numerals. 24 The structures from the latter UGn set were not remarkably stable for neutral complexes but they led to relatively stable anionic structures. 16 The neutral UAn complexes are displayed in Fig. 4 and their B3LYP/6-31ϩϩG** characteristics are given in Table  I . These are cyclic structures with two hydrogen bonds. The most stable complexes are UA1-UA4 with the carbonyl ͑O9͒ and hydroxyl ͑O10H͒ groups of alanine interacting with the proton donor and acceptor centers of uracil. The UA1, UA2, and UA3 structures have two strong hydrogen bonds and the values of E stab span a range of Ϫ0.72 to Ϫ0.57 eV. The values of G stab are negative for these three structures indicating a thermodynamic preference to form the uracilalanine dimer. The UA4 structure, with one weak C5H¯O9 hydrogen bond, is stable by only Ϫ0.45 eV in terms of E stab and unstable in terms of G stab , as are other UAn structures (nϭ14, 16, 18, 20͒. The diminished stability of UA14 and UA16 results from the fact that the O10H hydroxyl group acts as a proton donor and acceptor. The small stability of UA18 and UA20 results from a geometrical mismatch between the proton donor and acceptor sites of interacting monomers. 24 FIG. 3. The excess electron orbital for the valence * and dipole-bound states of uracil ͑top͒ and in dipole-bound anionic states of canonical and zwitterionic alanine ͑bottom͒. We have applied a contour line spacing of 0.03 bohr Ϫ3/2 for the valence anion and 0.021 bohr Ϫ3/2 for dipole-bound states of alanine and 0.008 bohr Ϫ3/2 for the dipole-bound state of uracil.
The dipole moments of uracil and alanine provide insight into whether anionic dipole-bound states of UAn complexes can contribute to the photoelectron spectrum reported in Fig. 2 . The dipole moment for the most stable conformer of canonical alanine ͑can C͒ is smaller than the critical dipole moment of ϳ2.5 D 7 required for excess electron binding, but a less stable conformer, can B, is characterized by a larger dipole moment of 5.9 D. The calculated dipole moments of the UAn complexes do not exceed 8.2 D. These dipole moments are too small to support a dipole-bound anionic state with a VDE of ϳ1.8 eV.
The vertical ionization potentials ͑VIP͒ for alanine, uracil, and the UGn complex are given in Table I . The calculated VIP of alanine of 9.6 eV is in good agreement with the experimental result of 9.8 eV reported by Debies et al. 38 The calculated VIP for uracil is smaller by 0.1 eV than for alanine, and the agreement with the experimental result of 9.59 eV is also satisfactory. 39 In uracil, the electron hole is localized primarily on the C5-C6 bond, whereas in alanine it is delocalized throughout the whole molecule ͓see Fig. 5͑a͔͒ . The electron hole is localized on uracil in the UAn complexes ͓see Fig. 5͑b͔͒ and its distribution is strikingly similar to the distribution in isolated uracil. The bonding with alanine lowers, however, the value of VIP for every UAn complex considered here, and the largest shift by 0.8 eV is observed for nϭ16, 4, 2, and 14. Formation of a complex with alanine strongly modulates the vertical ionization energy of uracil.
Anionic uracil-alanine complexes
The results of B3LYP/6-31ϩϩG** calculations for anions of various hydrogen-bonded uracil-alanine complexes are summarized in Table II and representative structures are displayed in Fig. 6 . A common feature of anionic wave functions identified by us for the UA complexes is that the excess . The B3LYP/6-31ϩϩG** values of vertical ionization potentials are in parentheses ͑eV͒.
TABLE I. Uracil-alanine neutral complexes' B3LYP/6-31ϩϩG** characteristics. Energies in eV, dipole moments in D. E stab and G stab stand for the energy and Gibbs free energy of stabilization, respectively ͓see Eq. ͑2͔͒. ZPVE is a correction from zero-point vibrations, VIP is the vertical ionization potential, and S→T is the singlet-triplet splitting at the optimal geometry of the singlet state. 12 A neutral molecule of isolated uracil has a symmetry plane. 11, 24 However, occupation of the antibonding orbital by an excess electron induces buckling of the ring because nonplanar structures are characterized by a less severe antibonding interaction. 11, 12, 16 The same kind of ring distortion takes place in all UA complexes upon an excess electron attachment.
Our most important finding is that the most stable anionic structures are characterized by a BFPT from the carboxylic group of alanine to the O8 atom of uracil, see Table  II and Fig. 6 . The driving force for the proton transfer is to stabilize the excess negative charge, which is primarily localized in the O8 -C4 -C5-C6 region. In consequence of the extra stabilization of the excess electron provided by the transferred proton, the values of VDE for the aUA2, aUA14, aUA4, aUA16, and aUA18 structures are larger by more than 1.4 eV than for the valence anion of an isolated uracil. In fact, the calculated values of VDE for these structures span a range of 2.2-1.9 eV. After correcting downward by 0.2 eV, the resulting range of 2.0-1.7 eV coincides well with the broad peak in the photoelectron spectrum, see Fig. 2 .
The products of the intermolecular tautomerization reactions are the neutral radical UH
• , with the O8 atom hydrogenated, and the deprotonated alanine ͑see Fig. 6͒ . We found that deprotonation of alanine is highly endothermic and requires 15.0 eV. On the other hand, protonation of the valence anion of uracil is exothermic by 14.7 eV. Hence, a hypothetical reaction, which leads to noninteracting products,
is endothermic by 0.3 eV. For the proton transfer to occur, the stabilizing interaction in the UH¯ϪOOC-CHCH 3 -NH 2 system needs to: ͑i͒ compensate this barrier, and ͑ii͒ provide at least as much of the stabilization between the UH • and Ϫ OOC-CHCH 3 -NH 2 systems as the untransformed U Ϫ and HOOC-CHCH 3 -NH 2 moieties could provide. Indeed, for the structures with BFPT, i.e., aUAn (nϭ2,4,14,16,18) E stab varies from Ϫ1.21 to Ϫ0.92 eV, whereas for the structures without BFPT, i.e., aUAn (nϭ1,3,20) , the values of E stab are smaller: Ϫ0.94 eVϽE stab ϽϪ0.80 eV. This confirms that occurrence of BFPT requires significant values of E stab and that these would compensate the endothermicity of the reaction ͑3͒.
The most stable structure of the anionic complex results from an excess electron attaching to UG2. The neutral complex UA2 is less stable than UA1 by 0.1 eV, hence its population is negligible at standard conditions. Upon electron attachment, however, the COOH proton is transferred without a barrier to the O8 atom of uracil and the most stable anionic structure develops with a VDE value of 1.9 eV ͑1.7 eV after correcting downward͒, see Table II and Fig. 6 . The adiabatic electron affinity, calculated with respect to the UA2 neutral, is much smaller and amounts to only 0.7 eV.
The neutral structures UA4, UA14, and UA16, which in terms of E stab are less stable than UA1 by 0.2, 0.4, and 0.4 eV, respectively, evolve upon excess electron attachment into the second, third, and fourth most stable anionic structure, respectively. They are separated from the most stable anionic structure aUA2 by only 0.1 eV. Their significant stability and calculated VDEs as large as 2.0-2.2 eV ͑1.8 -2.0 after correcting downward͒, are also related to the occurrence of BFPT, see Table II and Fig. 6 . The adiabatic electron affinities, calculated with respect to the parent neutral structures were found to be 0.7-0.9 eV.
It is known, however, that the B3LYP method underestimates barriers for proton transfer reactions, 28 and the lack of a barrier for the proton transfer may be an artifact of the B3LYP method. For this reason, we performed additional MPW1K/6-31ϩϩG** geometry optimizations for all an- . The B3LYP/6-31ϩϩG** values of electron vertical detachment energies are in parentheses ͑eV͒.
TABLE II. Uracil-alanine anionic complexes' B3LYP/6-31ϩϩG** characteristics. Energies in eV. E stab and G stab stand for the energy and Gibbs free energy of stabilization, respectively ͓see Eq. ͑2͔͒. ZPVE is a correction from zero-point vibrations, VDE is the electron vertical detachment energy, EA is electron affinity, and S→T is the singlet-triplet splitting for the neutral complex at the optimal geometry of the doublet anion. Qualitative information ͑Yes/No͒ is provided whether an anionic structure undergoes BFPT. ionic uracil-alanine complexes considered in this study. The occurrence of BFPT ͑yes/no in Table II͒ proved to be consistent for the B3LYP and MPW1K methods. In addition, MP2/6-31ϩϩG** geometry optimizations were performed for the aUAn (nϭ1, 2, 4, 14͒ complexes starting from the geometry of the corresponding neutral complex. Again, for nϭ2, 4, 14 there was no barrier for proton transfer to the O8 atom and a barrier was detected for nϭ1. These results strongly suggest that the BFPT process proposed by us is not an artifact of the computational B3LYP model. A preference to transfer a proton to the O8 site is much larger than to the O7 atom, see Fig. 6 . In fact, we did not identify any BFPT occurring to the O7 atom of uracil. This may be related to the fact that an excess electron on the * orbital is not localized in the neighborhood of the O7 atom. 16 The UA1 and UA3 structures, i.e., the most and third most stable structures of the neutral complex, exemplify this point with no BFPT for aUA1 and aUA3 and the calculated values of VDE of only 1.1 eV for both anionic structures ͑0.9 eV after correcting downward͒, see Table II and Fig. 6 .
There are at least four anionic structures, which differ in terms of G stab by less than 0.15 eV from the most stable structure aUA2. Three of these structures, aUAn (n ϭ4,14,16) occur with BFPT and are characterized by large values of VDE. The fourth structure, aUA20, occurs without BFPT and is characterized by a medium value of VDE. They all might contribute to the unusual width of the main feature in the photoelectron spectrum presented in Fig. 2 .
It is intriguing which transitions contribute to the PES spectrum with electron binding energies larger than 2.0 eV. The B3LYP/6-31ϩϩG** values of the singlet-triplet energy splitting (S→T) for the neutral UAn complexes are larger than 3 and 2 eV for the optimal neutral and anionic structures, respectively ͑see Tables I and II͒ . Hence, a significant intensity of the photoelectron spectrum at 2.0 eV has to be related to photodetachment from a doublet state of the anion to the singlet state of the neutral. Transitions to the lowest triplet state of the neutral would require photons with energies above 3 eV.
IV. SUMMARY
The photoelectron spectrum of the uracil-alanine anionic complex was recorded with 2.540 eV photons. This spectrum reveals a broad feature with its maximum between EBEϭ1.6 and 2.1 eV. The vertical electron detachment energy values are too large to be attributed to the anionic complex of an anion of intact uracil solvated by alanine, or vice versa. The neutral and anionic dimer complexes of uracil and alanine were studied at the density functional level of theory with the B3LYP and MPW1K exchange-correlation functionals and 6-31ϩϩG** basis sets to provide interpretation of the photoelectron spectrum. Critical anionic structures were also examined at the MP2/6-31G** level of theory.
For neutral complexes, the largest stabilization energy of 0.72 eV was determined for a structure which involves the N1H and O7 centers of uracil coordinated to the carboxylic group of alanine. The N1 atom, however, is covalently bonded in RNA to the sugar-phosphate backbone. Two other structures, which involve the N3H and either the O8 or O7 sites of uracil, are bound by 0.61 and 0.57 eV, respectively. Dipole moments of the neutral complexes are too small to support dipole-bound anionic states with electron vertical detachment energies in the 1.6 -2.1 eV range. The electron hole in complexes of uracil with alanine is localized on uracil but formation of a complex with alanine strongly modulates the vertical ionization energy.
The results of density functional and second-order Møller-Plesset calculations indicate that the excess electron in the uracil-alanine complexes is described by a * orbital localized on the ring of uracil. An excess electron on the antibonding * orbital induces buckling of the ring. As was previously observed for uracil-glycine complexes, 16 the excess electron can induce a barrier-free proton transfer from the carboxylic group of alanine to the O8 atom of uracil. The driving force for the proton transfer is to stabilize the negative excess charge localized primarily on the O8 -C4 -C5-C6 fragment of uracil. The barrier-free nature of the proton transfer process has been confirmed using the MPW1K functional as well as the MP2 method.
The anionic complexes with the O8 site protonated are the most stable. These complexes can by viewed as a neutral radical of hydrogenated uracil solvated by a deprotonated alanine. They are characterized by the largest values of VDE, which span a range of EBEϭ2.0-1.7 eV. These values of VDE were obtained by correcting the B3LYP values downward by 0.2 eV, as suggested by the CCSD͑T͒ results for the valence anionic state of an isolated uracil molecule.
There are numerous structures of the neutral uracilalanine complexes, which do not undergo a barrier-free proton transfer upon attachment of an excess electron. These are primarily structures with alanine coordinated to the O7 atom rather than to O8. Some of these structures are the most stable among the neutral complexes, but their favorable networks of hydrogen bonds cannot compensate for the unfavorable excess electron binding energies. The calculated vertical electron detachment energies for structures of this type are in a range of 0.9-1.7 eV and some of these structures may contribute to the broad photoelectron peak.
In view of the similarity between the photoelectron spectra of the anionic uracil-glycine and uracil-alanine complexes, we suggest that the same mechanism of barrier-free proton transfer might be operative in complexes of uracil with different amino acids. This mechanism involves the carboxylic group of an amino acid rather than a residual hydrophobic group. Important issues for future experimental and theoretical studies are: ͑i͒ what are propensities of thymine and cytosine to BFPT in complexes with amino acids, ͑ii͒ how do amino acids with hydrophilic side chains, such as aspartic or glutamic acids, interact with nucleic acid bases, and ͑iii͒ what are molecular species other than amino acids, which can also be involved in barrier-free proton transfer to nucleic acid bases.
Lastly, the formation of neutral radicals of hydrogenated pyrimidine bases may be relevant to DNA and RNA damage by low energy electrons. For instance, the neutral radical thymine-H
• , with the O8 atom protonated, cannot form a hydrogen bond with adenine, as dictated by the WatsonCrick pairing scheme. Such a radical might also react with an adjacent deoxyribose molecule triggering strand-breaks in DNA.
